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FOREWORD

This issue of the Argonne National Laboratory Physics

Division Summary Report has been considerably delayed —first to

prepare the proceedings of the International Conference on Nuclear
Physics with Reactor Neutrons and soon thereafter to prepare the
contributed papers and the proceedings of the Symposium on Nuclear
Spectroscopy with Direct Reactions.

The articles in the Physics Summary are informal

progress reports. The results and data therefore must be understood
to be preliminary, tentative, and often incomplete.

The issuance of these reports is not intended to con-
stitute publication in any sense of the word. Final results either will
be submitted for publication in regular professional journals or, in

special cases, will be presented in ANL Topical Reports.
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| . EXPERIMENTAL NUCLEAR PHYSICS

%
1-80-33. MOLECULAR-BEAM STUDIES (51210-01)

William Childs, John Dalman, and Leonard Goodman

Since the last summary report, a great deal of new data
has been taken with the Mark II atomic-beam machine. These results
may be loosely separated into two groups: (1) precision measurement of
electronic g factors of metastable atomic states, and (2) measurement of
the magnetic-dipole hyperfine-interaction constant a for various atomic
states in different isotopes. The information on g5 values is summarized

in Tables I and II, and that on hyperfine-interaction constants in Table III.

TABLE I. Measured values of electronic g factors of metastable
atomic states in Fe, Ge, and Sn. The figures in parentheses indicate the
uncertainty in the last decimal place.

Metastable Excitation
_ Measured
Element atomic energy of
-1 g factor
state state (cm™!)
Fe 5F5 6928 1.40007(6)
°F, 7377 1.34995(7)
5F3 7128 1.254(7)
Ge 3P1 557 1.50111(7)
3P2 1410 1.49458(9)
1D2 7425 1.00639(8)
Sn 3P1 1692 1._50410(7)
3P2 3428 1.44878(9)
1D2 8613 1.05230(8)

* This report was written in November 1963 and represents research
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TABLE II. Departure of the g factors gey, of the p? (1D,, %Py 3}
states from the values gRS predicted on the basis of Russell-Saunders

coupling.
last decimal place.

of the J=2 states is clear.

The figures in parentheses indicate the uncertainty in the
The equal and opposite perturbation of the g factors

gexp ~ Brs
Atomic state Ge 1 S
3131 -0.00005(7) -0.00006(7)
3P2 ~0.00658(9) -0.05238(9)
1D2 +0.00639(8) +0.05230(8)
TABLE III. Measured values of the magnetic hyperfine-interaction

constant a for three nuclei.

The value of the magnetic field Hjy produced

at the nucleus by the electronic configuration is believed to be accurate to

within about 1%.

. Excitation
Atomic Ia‘ ‘H l
Isotope — energy of J
state (cm™1) (Mc/sec) (Gauss)
B 5
Fe D4 Ground state 38.14 + 0.28 1.10 X 106
127 3
Sn p1 1692 55 MDA R 3.63X105
g 6
1:’2 3428 27 456 1.60 X 10
119 3
Sn P1 1692 578.8 + 0.5 3.63X105
3
PZ 3428 1272 + 9 1.60 X 106




Prior to the present work, no atomic-beam investigations
of metastable states lying as high as 6000 crn_1 were possible without
the use of special techniques for excitation of the beam atoms. For
this reason, we were somewhat surprised to find resonances from
such states interfering with our work on lower states. It is the
excellent signal-to-noise ratio of the Mark II machine that makes such
investigations possible.

The g factors given for Fe were obtained relative to
the precise value previously obtained for the 5D ground state,! and
are not to be considered as final values.

A paper describing the work on the g factors of Ge and
Sn has been written for the Physical Review. Both elements have the

1

electronic configuration nsznpz, which leads to the terms 150, DZ’
8

1 3

and " P , of which the D, and P states have measurable
el 52 2 152

g factors. The energy spacings of these states show evidence of a

considerable amount of spin-orbit mixing, particularly in Sn. Because

the spin-orbit interaction can mix only states of the same J, the

g value of the 3P1 state should and does lie extremely close to the

1
Russell-Saunders value of 1.50116 for both Ge and Sn. The D2

and 3P2 states can, however, perturb each other strongly. Table II
shows the difference between the measured values and the Russell-
Saunders values of the g factors for the three states. It is seen that,
within experimental error, the g factors of the 1D2 and 3P2 states
are shifted by equal and opposite amounts from the Russell -Saunders
limits in both Ge and Sn. An intermediate-coupling calculation

accounts for 96% of the shift in Ge and 85% of that in Sn. The remaining

discrepancy is attributed to configuration interaction.

1 A. Kamlah and S. Penselin (private communication, 1962).
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From the value of the hyperfine-interaction constant a

given for the 5D4 atomic ground state of Fe57, the value

1.10 £ 1%) X 10® G can be calculated for the ma netic field at the
g

iron nucleus in the atomic ground state of the free atom.

B and Sn119 in the metastable

The measurements on Sn
P1 and 3P2 states are summarized in Table III. Observation of the
AF = *1 transitions must be postponed until suitable rf signal generators

can be obtained. The results given for the hyperfine-interaction

L 1D

: 57 g 3
constants in Fe and Sn are not to be considered as final

values.

Note: In the considerable period since this report was
written, two papers presenting final results have been published.
These are (1) "Electronic g Factors of the p2 Configurations in Ge I
and Sn I'"' [W. J. Childs and L. S. Goodman, Phys. Rev. 134, Ae66

(1964)] and (2) "Magnetic Hyperfine Structure of the 3P and 3P

1 2
Metastable States of Sn“5’ 2 R [W. J. Childs and L. S. Goodman,

BhystSR ev 37 A5 (1965)].



| 1. MASS SPECTROSCOPY

11-40-12. FRAGMENTATION OF HYDROCARBONS (51300-01)
=B T ool L E R e RS UG e SRS SR el
H. E. Stanton and J. E. Monahan

The method of data analysis proposed in an earlier report!
has been subjected to considerable development and testing. The method
comprises computing the Laplace transform of an unknown kinetic energy
distribution as measured by mass spectrometer MA-17, repeating this
for a known standard, and finding the ratio of the two transforms. From
this ratio one can deduce some parameters of the unknown distribution.
In principle, one can even invert the transformation and exhibit the kinetic
energy distribution of the ion freed from the effects of measurements,
i.e., freed from the smoothing due to imperfect energy resolution, the
spread in the electron beam, etc. This complete inversion of the
Laplace transforms poses certain difficulties, however. In particular,
statistical fluctuations in the form of noise mean that the data are not
""perfect,' and it seemed worthwhile to try an approach which was less
exact and exacting.

A Laplace transform is defined by the expression

0

Y(s) = fo o ) (1)

where ?(S) and Y(E) are transform pairs. From this it is clear that

Y(0) = _j;)Y(E) iy (2)

1H. E. Stanton and J. E. Monahan, Physics Division Summary Report
ANL-6679, January-February 1963, p. 56.
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0
lim c?_s Y(S) = - fo E Y(E) dE, (3)
S—0
n
lim i—; ¥(s) = (-1)" _7: E" Y(E) dE, (4)

provided certain mathematical restrictions (such as proper behavior of
the integrals) are satisfied. If Y(E) is interpreted as an energy distribu-
tion curve, Eq. (2) represents the total number of particles, Eq. (3)
represents the first moment of the distribution, and Eq. (4) represents
the general nth moment of the distribution.

Let Mk(E) and Mu(E) be the actual measured distributions
in kinetic energy for the standard ion and the unknown ion, respectively,
while Yk(E) and Yu(E) represent the actual distributions when the effects

of instrumentation are eliminated. As shown in Ref. 1, the ratio

¥ T (0 5
u

is independent of the effects of instrumentation.

If the total ion-current distribution, recorded separately
on MA-17, is used to match the energy scales for M. and M , there
u

may be errors in energy displacements SO for the unknown and SO
u k

for the standard. Under these conditions!

M (S) Y (S)

b
= == exp(S¢g ) . (6)
M,(0) Y (0) Ou
Hence
1 (dMu(S)) ey aY (s)
~ ST t— | ——/ , 7
Mol N 980 L 0N oo el i

and similarly for the standard,




One may now differentiate Eq. (5). Using Eq. (7) and the

analogous expression for the standard ion and taking the limit as S—0

leads to
Y0 V0 M0 M) ] o
= - = = = S - $o g
Yu(O) Yk(O) Mu(O) Mk(O) Ou Op

With the aid of Egs. (2) and (3), this expression relates the moments

of the intrinsic distribution ("}) of the ions to the moments readily obtain-

able from the data (I\~/I) provided the values of SOu and SOp are known.

These were evaluated by use of the trace for the total ion beam measured

after energy analysis in the mass spectrometer. Two additional relations

similar to Eq. (8) were derived for the two next higher moments of

the distributions by successive differentiations of Eq. (5). The

derivations were lengthy and involved and the results will not be shown.
In order to relate these developments to the intrinsic

kinetic energy distributions in the fragmentation process, it is

necessary to transform the fragmentation-energy distribution in the

center-of-mass system of the parent molecule to the laboratory

system.2? Let the distribution of the fragmentation energy Q of a

particular ionic fragment be denoted by A(Q). The transformation

can be carried out by standard means. If the parent molecules are

moving according to a Maxwell-Boltzmann distribution of energies,

then

2H. E. Stanton and J. E. Monahan, Physics Division Summary Report
ANL-6326, March 1961, p. 55.
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472 1/252
b \fi2 s -LHME) S - (m,Q) )
= [ — dQ exp
e (2119 mlmz) { Q m16
(9)
1/2 17/ /252
-[(ME) / + (m,Q) 7]
- exp ) o
1
where 6 is the temperature and M, m,, and m, are the masses of the
parent molecule ion, the ionic fragment, and the neutral or charged
companion. The Laplace transform of Eq. (9) is
) -(m,/M)SQ
H(S) = e f dQ A(Q) exp—z-—— . (10)
_(ml/M)GS + 1 0 (mi/M)GS + 1

The properties of the distribution A(Q) that can be obtained

from this analysis consist in the moments

0
PlzfonQA(Q), (11)

By i=of 80 (Q-Pl)i A(Q) .

1

0%8

These are evaluated by computations from Egs. (4), (5), and (8) and
related equations for higher moments. This implies that two sets of
moments are involved in the calculations since R(S) is the ratio of the
normalized transform for the standard to that for the unknown. The
derivations are greatly simplified if one chooses a parent-ion
distribution as the standard because then A(Q) =5i(D)and

Pl = &y

pik:O for il



Consequently, except for the first moment, it follows that if P_1 repre-
sents the difference between the moments of the unknown distribution

and the parent ion distribution, then

_ B 3
B o= R (o) =5,
Z
e 2 ™ 3 /M M
e o 1 = 1 et b el = ol 1
P, = 2{R'(O) [R(O)]}+m ezem + 3 zm R'(0)], (12)
m 1 1 7
i
where dz
R''(0) = lim % R(S) ,
S—-0 dS

etc. Analogous expressions for P3, etc. are too complicated to include.
In any event, a sequence of internal moments of the fragmentation
distribution A(Q) is directly derivable from the experimental data.

In the following analysis, only the first three moments
were computed and used. Two possible types of distributions have been

tested as follows. The first assumption was that

-Q/Q
A(Q) = AnQn e & (13)
where
i o Sk TS0

and therefore

0
Tag a@) =1 .
0

The latter represents a generalized Maxwell distribution. From this,

one can compute the moments
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P1 = () R
2

P2= arap BO) (O = (14)
3

P3 =2(n+1)Q, .

It is clear that these three moments must satisfy the expression
PP 2P . 115
R 2 (18]

in order for the distribution to be Maxwellian.
The second assumption was that the distribution A(Q)
consisted of two sharp distributions with energies 9, and a, and

amplitudes (3 - a) and (3 + a), respectively;i.e.,

AQ =(z - a)8(Q - q) + (3 +a)8(Q - q,), (16)
where o
[ aQa@ =1,
0

and the parameters a, ., and q, are to be determined. This yields

the moments

P

._.
1
SiE
1
fe)
a

f t 3t aa,,

2 2
= @ )(q2 = qi) ’ (17)

B

2 3|
1
3 2a(3 - a )(q1 = qz) 5

)
1

which may be used to determine the parameters a, q ,, and q, of the
1 2
assumed distributions.

As a special case of this for a parent peak for which there

is no fragmentation ene i =
g nergy, it turns out that q = + 3 only. When studying
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ionic distributions in this class, one can only measure the temperature
of the target gas; and this temperature can be used to check an earlier
theory of distribution analysis? and instrumental performance.

Experimentally, these theoretical developments were
tested by the analysis of three molecules: HZO’ CH4, and CO. The
latter was used to compare with results previously found by Hagstrum?
for O+ and C+. Before taking up the analysis of these molecules, it
seems advisable to consider any possible mass discriminations in the
instrument.

The ability to discriminate between ions of different

2
exit slits of the energy analyzer, the radius of the analyzer (R = 12 in.),

energies was determined by the widths S1 and S, of the entrance and

and the initial accelerating voltage E;. These constants define the

quantity b = (S1 RSB /2R which is the approximate range of energies

2
transmitted for a given setting of the controls. The value of b was
usually 0.17 eV or less. This corresponded to a value E;, = 400 V
which represented a compromise between the desire for a good
signal-to-noise ratio for small peaks and the conflicting desire for sim-

plicity in the energy analysis. In practice, the effects of focusing

would at times further reduce the value of b appreciably.

EXPERIMENTAL RESULTS

The measured distribution in ion kinetic energy depends
upon conditions in the ion chamber in an important way. The total
kinetic energy acquired by an ion at any given point along its trajectory
will be made up of any kinetic energy of formation and, in addition, the

difference in electrostatic potential between the given point and the

3H. D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951).
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point of formation. Consequently, even though formed at rest, ions
will show a kinetic energy spread because they are formed at different
depths in the ion chamber where they are accelerated over different
distances in the potential gradients imposed by the necessary drawing-out
potentials. The errors introduced in this way may be an order of
magnitude larger than any kinetic energy of formation. In the present
investigation ions were formed between two plates, parallel to the
electron trajectory and at right angles to the exit direction for the ions.
Controllable potential gradients along the ion axis in the ion chamber
could be produced. It was found that an effective spread of S 0.007 in.
in the electron beam produced a kinetic energy distribution of ions from
argon gas with a width at half maximum of =z 0.5 eV including the energy
spread 2b. Usually, however, this width is less than 0.25 eV and has
been as low as 0.15 eV. Frequently surface conditions in the ion
chamber may distort and defocus the electron beam.

The techniques of these experiments and their interpre-
tation involve the comparison of an unknown distribution with a known
(standard) one for which the F&1 can be computed. Parent ions, including
the rare gas ions, are suitable for this purpose since they do not acquire
translational energy as a result of electron impact and may be
presumed to be at thermal equilibrium with the ion chamber.

The variation with mass number may be measured by
the intercomparison of "parent" ion distributions [ A+++
(Ve =3 %), HZO+’ etc. ] which were used experimentally. Since,
however, the comparison involves the arithmetic difference between
corresponding P's of two distributions, these differences should
theoretically be zero if the peaks are measured all at the same

temperature and provided there is no mass dependence of either the

P's themselves or their differences.
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Fig. 1. The behavior of the first
three moments of the center-of-
mass distributions for the r T T ; T
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for the same pairs of ions. | | | | | .
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The slope and intercept give the SUM OF MASS NUMBERS (4+9)

parameters in the expression
for mass dependence.

If the subscripts i and j in the expression Qij = Pk for the
kth moment refer to the ionic mass numbers of the ith ion as standard
and the jth parent ion, then the function empirically relating the moments

to the masses may be assumed to be expressible in the form
Q= bt el 18)
i E ki Bl (

One notes that ai cannot be determined if only differences in Q's between
pairs of peaks are substituted in this equation. If, next, each ion is used

as the standard in sequence, six ions can supply a large number of points.
The kinetic energy distribution of each of the ions A+3,

+ o+ + + +
HZO’A ’NZ (CO),OZ,
standard, and the measurements of the first three moments computed

+
= A , and COZ+ was used in turn as a

from the other distributions were compared with it. The resulting

points are plotted in Fig. 1 together with the probable errors of the P's

for each value of mass, and the straight lines which best fit the points.
These data have been analyzed in the following way. It

follows from Eq. (18) that for two masses

Ang = Qiz - Qlg
2 2
= L U g
AQ.
g = bi + (g + g)ci. (19)
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T ; Fig. 2. Sample plot of moment vs

3 . electron energy for a particular

S fragmentation process. In this

2 |ON 14* SLOPE -1.697xI0 eV ] 4

+ION 15* SLOPE -5181 X107 eV instance, the variations of the
second moment for electrons with

S . energies from 18 eV to 300 eV

oe B . T are shown for the CH, and CH,
H ¥
fragments of methane. Theore-

SECOND MOMENT (eV?)

-0 " L . | . i iv
ol o o s tical reasons for a negative slope

ELECTRON ENERGY (eV) are not immediately apparent.

Consequently a plot of AQ/(4 - g) for the various combinations is linear
in the sum of the mass numbers to this degree of approximation. This
is shown in Fig. 1 for all three moments together with a least-squares

fit for each. According to Eq. (11), P, depends on energy in a way which

il
is different from that for the other moments. In order to calculate P

1,
the distribution for the total ion beam issuing from the energy analyzer
was used. Unfortunately the different locations of the two detectors
permitted stray magnetic fields to affect their readings in different ways.
Lack of mechanical rigidity could also produce spurious displacements
of the two distributions and thus cause a higher variation in P, than for
P2 and P3. The latter are moments intrinsic to the distribution of a
particular ion and the lack of much variation with mass number would
seem to imply that the shapes of the distributions were reasonably well
preserved with changes in mass.

In analyzing the experimental distributions in terms of
the Boltzmann distribution of Eq. (13) with three moments computed for
the center-of-mass distribution, one can find the exponent n and
''temperature'' Q, from any pair of moments and use the third to examine
consistency.

Figure 2 illustrates the results of calculating the second
moments of the fragmentation distribution in energy from the measured

kinetic energy distributions. The variable in this case was the electron



1]

bombarding energy. The quantity displayed is the second moment for
the ions CH3+ and CHZ+ from methane. Similar plots were made for
all fragments in the molecules examined, except CO+ and those
containing only hydrogen, and for the other moments derived therefrom.
In some cases the scatter of the points was unfortunately large. In

Fig. 2, for instance, all but one of the values at an electron energy of
50 eV appear to be too far off to be meaningful, but were included in
determining the line that best fitted the data.

Values of the moments used for the calculations were
obtained from a least-squares fit of a series of observations at different
energies of the bombarding electrons. Three values were selected,
corresponding to electron energies of ''0 eV' (extrapolation to
zero-energy electrons), 150 eV, and 300 eV. The parameters were
then determined from one pair of moments for each of these three
bombarding energies and averaged. The results are listed in Table IV.
Three values appear at each position in the table since there were
three possible pairs of moments to determine the two parameters.

It is apparent from the table that the value of the
exponent n is by no means uniquely determined except for the two
parent peaks (CH4+ and HZO+) and possibly OH+. The values of Q
also showed wide variations and where blanks appear in the table, were
negative. The lack of uniqueness of n and the erratic behavior of Qo
for the parent peaks can be explained by the fact that the parent ion can
have no energy of fragmentation in the center-of-mass system; the
behavior of the parameters results from trying to fit a delta function
at Q = 0 with a Boltzmann distribution.

Also, with the other fragments, a Boltzmann distribution
cannot be made to accommodate the real distribution in the center-of-mass
system. One notes, however, that two values of n are usually close and

negative, while the third is large and positive. The former involve the

15
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TABLE IV. The ions studied are listed in column 1, the values
of the exponent n in the Boltzmann distribution are listed next with three
entries for each ion depending on which pair of the P's were used. The
first entry is the value of n derived from P, and P, , the second from P,
and P, , and the third from P, and P,. The values of Q; [Eq. (14)] are
listed in the third column, again with three entries computed with the
same three combinations of P's.

Fragment Values of n Values of Q
Methane
CH4+ -0.982, -0.989, -0.973 -+, 0.406, -
CH3+ -0.759, -0.851, 3.46 07 11:6, 805 2 055 M0ES e
CI{2+ 0. 802, -0.731, 4,92 1.014, 0.302, 0.096
gr -0.602, -0.648, 1.00 0.583, 0.540, 1.44
g -0.775, -0.455, 6.82 0.945, 0.390, 0.155
Water
HZO+ ST @E i S = ] 9o ORI
on’ -0.943, -0.945, -0.887 0.857, 0.636, 0.520
o -0.406, 0.140, 7.56 0.414, 0.212, 0. 109

Carbon Monoxide

O OG0 0, 720, AL ) 1.50 , 0.984, 0.666

€ =052 8208 278 S ha © 70,463, 05393




first moment in the calculations whereas the latter is calculated from
the other two only.

The second method, described in Eq. (16) et seq., was
also used. Here again, there were troubles which are attributed to
the data, particularly the first moment. Values of 9 in Eq. (16)
would frequently turn out to be negative. This was attributed to P1
in Eq. (17). Usually a slight readjustment of its value would make
a 2 0. The imaginary values occasionally obtained for q or q,
indicate either that the data are of poor quality or that they cannot be
fitted with the distribution assumed.

The results of this analysis are shown by the bars in
Fig. 2, where average values for 9, and q, were used. The height of
a bar indicates its relative importance. In the case of the parent
peaks, with practically no readjustment, there is a single sharp peak
at zero energy and a negligibly small second peak erratically placed
at a relatively high value of energy (either positive or negative).
Since for parent peaks there should be a single sharp energy of frag-
mentation (at zero), it seems reasonable to assume that the general
method of analysis has some validity. Values of 9 and a, and their
amplitudes are given in Table V.

Figure 3 shows the Boltzmann distributions calculated
with appropriate values of n and Q, taken from Table IV and with

arbitrary amplitudes. In all cases except H O+, OH+, and O+ from

2
CO, one negative value and one positive value of the exponent n was

used. Usually an average Q, was used. For O+ from CO, two positive

values were used for n.

As one might expect, the values of 9 and q, seem to
determine the approximate values of the first moments of these calcu-
lated distributions. This would seem to follow from the fact that the

three moments plus a normalization condition on the Boltzmann

17
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TABLE V. Amplitudes and energies of the two sharp compo-
nents assumed in the center-of-mass distributions in fragment kinetic
energy. The ions investigated are listed in column 1 for each of the

three vapors used.

Low-energy component

High-energy component

Fragment Energy Amplitude Energy Amplitude
(eV) (eV)
Methane
+
.00
CH, 0 1
CH3+ 0.035 0.984 0.654 0.016
CH2+ 0.007 0.947 1,18 0.053
cu’ 0.021 0.824 1.20 0.176
G 0. 020 0.843 133 0.157
Water
" =

H,0 0.0015 1.00 6.77 3.9 X 10
OH 0.015 0.985 1.29 0.015

+
o 0.011 0.664 0.693 0.336

Carbon Monoxide

+
c 0.061 0.773 0.982 0.227

+
o 0.638 0.697 4.09 0.301
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Fig. 3. The two types of distribu-
tion used in this analysis, plotted
as functions of the total kinetic
energy of fragmentation. The

0.8 C* FROM CH, CH* FROM CH,

energies q; and q, of the two 041

sharp center-of-mass distribu- ol o

tions assumed were determined o I E ORI e g
by fitting the measured distribu- o8| CHz FROM CH,

tions. The low-energy com- 044

ponent is shown as a narrow iy

line close to the origin, the s ORIS (28 "3: i 0 Si5 2 i

high-energy one as a shaded bar § os] CHi FROM CH, ]\ o FrRoM H,0

(whose width indicates the 3 1\ B §é§

error). The fragments CH4+, -y 1 xI0

I—I'Z O+, and OH' showed no = °° I T R

high-energy components. The 'f_. o8] OH* FROM H,0 | He0" FROM Hy0

curves represent the two w = ]

Boltzmann distributions ascrib- 04 ‘Q

able to all peaks, except those Gl e
o I 2 3 a4 ) I ey

mentioned above. The two

separate curves for each ion are s || RCEROMICE 0°FROM Co
for the negative and the positive 04
value of the exponent n. The 5

area enclosed by each of these of It 203 40 I 2 3.3 ‘5086
curves was adjusted to be pro- TOTAL FRAGMENTATION ENERGY, eV —
portional to the amplitude of the

corresponding sharp distribution.

distributions permit fitting the experimental distribution with two
Boltzmann distributions. If now these distributions are normalized to
the amplitudes associated with 9 and q,, one might expect their first
moments to agree with these two fragment energies.

Unfortunately these analyses do not seem to justify much
inference concerning the fundamental fragmentation process. It seems
rather clear that a '"boiling off'" process of fragmentation (which one
would expect to give some sort of Boltzmann distribution) does not, in
fact, agree with these results. In the case of methane fragmentation,
the relative amplitudes of 9 and q, imply that a large portion of the ions
are liberated with zero energy in the center-of-mass system as one

would expect from the ""equilibrium theory' of fragmentation.

19
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The distribution in energy of O+ from CO agrees reasonably
well with the findings of Hagstrum. The average kinetic energy derived
from these results is 1.7 eV whereas he finds about 2.0 eV. He also
finds no ions liberated with zero kinetic energy, in agreement with this
analysis. In these experiments, however, we find many more ions of
lower energy (i.e., <1 eV) than Hagstrum. This could indicate an
ordinary type of Frank-Condon type transition that includes the
dissociation limit rather than one that does not. This would in turn
imply that the nuclear potential energy curve is shifted to smaller

values of the internuclear distance.



V. THEORETICAL PHYSICS, GENERAL

V-19-1. NOTE ON A CRUDE NUCLEON-NUCLEON POTENTIAL
(51210-01)

F. Coester and Edward Yen*

For the investigation of nuclear-structure problems with
'"realistic' nuclear forces, it is desirable to have a simple analytic
nucleon-nucleon potential which roughly reproduces the most important
two-body scattering data.

Potentials which have been constructed to give a good fit
to all available data are fairly complicated and the required strong
repulsion at high energies is usually approximated by a hard core. For
such potentials, two-body matrix elements with products of single-
particle wave functions do not exist.

A useful crude potential should be mathematically simple,
representing only the essential features of the nuclear force. Of course,
which features are essential depends somewhat on the purpose at hand.
For example, the tensor force is essential for some purposes while a
purely central force may be preferred for the sake of simplicity where
it is adequate.

For the present, spin-dependent central Serber potentials

are being considered. A necessary condition to prevent collapse of heavy

nuclei is

0

f dr r2 WVi()i=0 (1)
0

*State University of Iowa, Iowa City, Iowa.
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We assume

® 2
[arc“vir)=0. (2)
0
An example of such a potential is

Vir) = V, (4 e 2H - e M)/, (3)

which is strongly repulsive at short distances but does not contain a
hard core.

The strength and the range of this potential are determined
to fit the neutron-proton scattering lengths and effective ranges,! which
are a = 53960 00T, oS =~ 28 eilfes 2= () 26 i i 17260 £ 0 ONEE
Es 2.51 + 0.15 F. The potential parameters are summarized in
Table VI. Figure 4 shows the potential shape. The singlet potential
is for V, = 2307 MeV.

After the strengths and ranges are determined by low-
energy scattering data, the high-energy p-p singlet phase shifts for
s and d waves have been calculated and compared with those of Breit

2&1_1.2 These data are given in Table VII. We conclude that the s-wave

TABLE VI. Potential parameters, computed scattering length,
and effective range.

S V, (MeV) p/n% a (F) (7))
0 2126 281 23.68 2.62
0 2307 2.92 23.68 25
1 3991 3.26 5.394 1.726

1H. P. Noyes, Phys. Rev. 130, 2025 (1963).

2G. Breit, M. H. Hull, K. E. Lassila, and K. D. Pyatt, Phys. Rev.
112105922275 (1960):



interaction can be described ade- 200 T T T T
quately by the potential proposed 3
in Eq. (3). A good fit was not to 100!

be expected for the d-wave phase

> F 4
shifts. =
S E50
Since the range of =
the potential (3) is much shorter i ]
than that of the well-established =elr 7
one-pion-exchange potential, the 0 : zll
same computations have been Ll
repeated for the potential Fig. 4. Potential shape.
e - 2T -m r
Mcinay e 4 e " u
V(r) = v, ¢ L il < ) (4)
pr ™ m r

-1
where VTT =11.17 MeV and o S 1.413 F. The high-energy s-wave

phase shifts are too large in that case.

TABLE VII. Comparison of experimental and computed phase shifts.

5
f = e V, = 2307 MeV  V, = 2126 MeV
95 0 0.419 0. 426 0.390
210 0 0. 087 0.045 0.063
310 0 -0.175 -0.168 “g.212
95 2 0.068 0. 081 0.09
210 2 0. 140 0.22 0.23
310 2 0.209 0.29 0.30

23
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V-20-1. SYSTEMATIC APPROXIMATIONS FOR THE SINGLE-CHANNEL
SCATTERING AMPLITUDE! (51210-01)
R A A A R RRAR AN AN~~~

ki Goestexn

"Exact'' numerical computations of scattering amplitudes
are usually based on the integration of a time-independent differential
Schrodinger equation. In cases in which these methods are not
applicable, it is desirable to have a systematic approximation pro-
cedure based on the Hilbert-space formulation of scattering theory.

The scattering amplitude for two-particle scattering
may be computed by inverting a Hilbert-space operator (1 - K), where
K is completely continuous and depends on the real energy as a
parameter. This inversion can always be accomplished by obtaining
a finite number of eigenvalues and eigenfunctions of K together with a
modified Born expansion which is guaranteed to converge. Another
method consists in the inversion of a finite matrix, the elements of
which are computed by a convergent perturbation series. These methods

are also applicable to coupled two-particle channels.

1 F. Coester, Phys. Rev. 133, B1516 (1964).



V-26-2. PREACCELERATION IN ELECTRON THEORY
B i S
M. N. Hack (51151-01)

This project has been completed and the results have
been published in a report entitled '""Preacceleration in Electron

Theory," M. N. Hack, Nuovo Cimento 29, 298 (1963).
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V-47-2. STRUCTURE OF ELEMENTARY PARTICLES
V-47-2. STRUGTURE O R R RS~ I~
K. Hiida (51151-01)

PSEUDOSCALAR CHARGE DENSITY OF SPIN-; PARTICLES WITH
PARITY -NONCONSERVING INTERACTIONS

1. Renormalization
PPt e P

Consider the Lagrangian density for a spin-1 particle
with mechanical mass m;, namely

- 3
L=L +L, L1:-¢(x)[yH§){—p+mo] $(x) , (1)

where the Dirac gamma matrix y satisfies the commutation relation
n

{v v }=28 (2)
poov (T8Y

and L2 is the interaction Lagrangian density, assumed to be CP invariant
(but not P invariant). For definiteness, for a moment, we shall consider
only renormalizable interactions. Since the term EYNYS (B/BXH) U is
invariant and the term Eysup is not invariant under CP transformation,
the former term as well as the self-energy term Eu.p should be induced

by the interaction of the spin-1 particle with its self field, where

2
YSZ =1,

Now our proposal is that the terms induced by the self
interaction should be added to the free part of the Lagrangian density
L1 and the same terms be subtracted from the interaction Lagrangian

density LZ’ in order to remove all divergences from the renormalized

S matrix. Then our Lagrangian density is given by



L FEET I

— 0
LO = -qJ(x)[I‘HK'Fm] np(x), (3)

=l 21 i2F — 9
L' = Lo+ sm y(x) §(x) +a(l -a") ‘P(X)YHYS = v,
T8

where a is a real constant under the requirement that L, is CP invariant,

2
2
a <1 by the requirement that the particle cannot propagate in vacuum
faster than the velocity of light, and the definition of I" is
"

2
T o=y (t+ay)i-a2, (4
B

which satisfies the same commutation relation as y , namely
n

IS T2 (5)
(VY (8%

It should be noted that the definition of E in (3) is still L|,a" B but not

LIJ’FB (45t ay5)(1 - aZ)—i/Z} because the term vy o in I’ comes from the
M

M
self interaction.
Starting from the Lagrangian density (3), we find that
the unrenormalized modified propagator of spin-% particles with

nonvanishing mass is expressed as

8. (p) =i {-sm - a +2 fo dx” [ (m - x)o (x) + p,(x )]} S (p)
a 90 2 2
1 g i fo dx p,(x )} SF(p)(F-p) YSp(p)
2 0
2 2
+{1_1a1 B 20 2 fo dx cri(x )}SF(p)
= ik

o 2 (il-p - x)cr1(x2) + pz(xz) + i(I"- p) Y5p3(x2)
-iz f ax — . (6)
0 P +x - ie

2
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where SF(p) =i/(iT"-p + m), s;;ectrazl functions Ty Ppo and py are all
real and do not mclude the g(x - m ) funct1on,°oand z. is a real constant
The integrals fdx [(m - x)cr (x ) s PZ(X f dx p3(x ), and f dx o (x )
diverge logarlthm1cally in perturbatlon calculatlons The renormahzatlon
of the modified propagator means that the unknown constants §m, z, and a
are so chosen that all divergent integrals disappear from (6). This is
possible because the expression (6) involves three divergent integrals
and three unknown constants. When the parity-nonconserving counter
term Ey“ys (B/BXH) ¢ is not introduced in (3), the modified propagator
is expressed by (6) by taking I' -y and a = 0. Then the expression
involves three divergent integr:ls a};d two unknown constants §m and z.
Thus consistent renormalization is impossible in this case. This is
the reason why we introduce the parity-nonconserving counter term in
(3).

We want to renormalize the wave function ((p) for the

free decorated particle with momentum p as

il
$(p) = 2,2 g (p) (7a)
and SF1 as

1 1
Sp () = 2,50 (p) (7b)

where LpI represents the wave function in interaction representation,

SF - is the renormalized modified propagator and is divergence-free,
)

and z, is a c-number constant. By the definition (7). z, is the bare-state

probability of the decorated particle and should satisfy the relation

122,20, (8)

Then the renormalization constants and the renormalized modified

propagator are expressed as



2 )
-1 1 -a 2 2 2
N z = — fdx EeRi=mlra o (e, (9)
2 . 1 8
19=%8a
[~ ]
a 2 2
Zz-zzfde3(x),
15="a Y
g 2 2 2
{ © (T p-x)p (x)+p,(x ) +il pyy pylx))
SF’re(p)';—l{dX 2 2 ) > (10)
P +XxX <le

2 2 2 2
where pi(x VI=NE (e = T e u‘i(x s

When parity is conserved, as we know, after the mass
and the charge renormalizations the S matrix is free from divergences.
When parity is not conserved, on the other hand the S matrix is not

free from the divergent integral f d.x (x ) after the usual mass and

P3
charge renormalizations. Thus the parity-nonconserving counter term
is introduced. Then the divergent integral appears only in the express-
ion for a in I' after the renormalization, as was shown by Eq. (10).

Further a is a finite real constant. From Eq. (8) and the third of

Egs. (9), in fact, one obtains

(11)

o
IN
W

The constant a is expressed as

w7 22N
t-{t+[2z, [ ax"p (x)]7}

. 200" = _ (12)

2 2

?_zzf0 dx” p,(x)

One may now raise the question: Although a is a function of the divergent

integral f dx p3(x ), can it be a finite constant? In perturbation

29
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calculations, z,

is possible that the combination

0
o fdxz p3(x2) diverge logarithmically. Thus it
0

0

2 2
z, { dx p3(x )

remains a finite constant. When the parity-nonconserving counter
term is not introduced, the S matrix includes the divergent integral
0
2 2
itself [not the combination z, | dx” p,(x")].
0

2. Pseudoscalar Charge Density
R R N A A A A A P N~

Because of the gauge invariance of our theory, even if

parity is not conserved, the differential operator

op
’J.

is the operator to insert a photon vertex without momentum transfer into
the part of the Feynman diagram which represents any charged particle
with four-momentum p . From the expression (10), the renormalized
photon vertex without momentum transfer for any charged spin-1

particle on the mass shell is given by

- =l 9 il -1 ==
VP Sp (P [- 5y Sp L (P Sp T w(p) = () T wip) - (13)
'.L

This equation means that the charge density of a free charged particle

is given by

p(x) = e Y(x)B(L + ayg)(1 - az)'l/zw(x) = eq,*u +ay )1 - az)-1/z¢, (14)

which consists of scalar part q,l*(i - aZ)—1/2
-1/2

s ¢ and pseudoscalar part
q;'ays(i -a) y. We shall call the latter the pseudoscalar charge



density. It should be stressed that the pseudoscalar charge density is
not arbitrarily introduced in our theory but is induced by parity-
nonconserving interactions.

Under the requirements of covariance, gauge invariance,
and CP invariance, the most general form of the photon vertex on the

mass shell for a spin-1 particle is expressed as

4y J (PysP,) ¥(p,)

1 2 2
i 3 [a 1““ = (F'q)qp] Y5 F5(a)} w(p,), (15)

where ql-l = (p1 - pz) and all form factors Fi(i =1, 2, or 3)are allireal
v

when q is a space-like vector. The renormalization condition (13)

leads to the conditions

( il for charged particles ,

F (0) = (16)
0 for neutral particles .
: . ; 212
The first term in Eq. (15) consists of a vector part (1 - a ) F1 and
2 -1/2
an induced pseudovector part ayg (1 -a) / ]5‘1 which relates to the

pseudoscalar charge density. Thus both charged and neutral spin-3
particles have induced pseudoscalar charge densities. The second
and third terms in (15) are moment and anapole-moment terms,
respectively. In the next section we shall show that the induced
pseudoscalar charge density has physical meaning when the particle

is not free.

2i
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3. Observability of the Pseudoscalar Charge Density
A N A N A A A R A NI

Since two gamma matrices satisfy the same commutation
relations (2) and (4), we have the theorem: There exists a nonsingular

matrix S such that

s s (17)

and S is unique except for an arbitrary multiplicative factor. In fact the

matrix S is given by

2l 1 (iitay )
= 5
2 5 a).21/2 "t N ) Vs
ZIEEER (1R o) ] (il = &7)
Starting from the Lagrangian density
= 2
="l )y 8_+ m] y(x) , (19)
o
the transformation S leads to
= d
L=-x) [T ——+m]y(x), (20)
5 g

where § = Sy¢' and $ = Lb*ﬁ. Since two gamma matrices y and I' satisfy
the same commutation relation, as we know, two Lagran;ian densities
(19) and (20) describe the same free spin-% particle. Thus the constant
a has no physical meaning when the particle is free.

We shall show in the following that, when the spin-1
particle interacts with other fields, a can have a physical meaning.
Even if a has no physical meaning for free particles, this is possible

because the transformation matrix S is not unitary, i.e., because



58

2
1/ =1 fonaar 0", (2

£ 2o
58=(1-ay)l-2a)

We want to calculate the energy of a charged spin-—é— particle in a weak
external electromagnetic field. For simplicity, the vertex operator

(15) is approximated by taking F, =1, F_ = F_ = 0. Then the Lagrangian

1 2 3

density of the system is given by

= 0
LS == {YH (g— - ieAp) + m} y! (22a)

e ISR
L =-4y [F}l <axH 1eAH> + m} ¢, (22Db)

which are obtained from (19) and (20), respectively. From these Lagrangian

and

densities, one obtains the equations of motion for two component wave

functions 411’ and LJJl, namely

—_ - — —_ — > i
E'y ' = {m+e¢+£;0’(?-eA)‘0'(P'eA)} ¢1'+0(3) fed

and

ik —- — = — - =
= — = . - eA
E y, {m +tepts— ofp-eA)olp-e )

1 [(a eo) o(p - eA) + o(p - eA)(a ed)]

2m[1 + (1 - aZ)i/Z]
G L e’ o(—lg) 9 (24)
Zm[i +(1-a) ] m
where
4‘1‘ LIJi
" 4 = :
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and A = (K,¢). The extra terms that appear in Eq. (24) but not in (23)
are p:oportional to (a e¢) which comes from the interaction of the
pseudoscalar charge density a eYg (= az)—l/2 with the external field
6. Thus it has been shown that the pseudoscalar charge density is an
observable. It should be noted that our pseudoscalar charge density
is not obtained by the nonunitary transformation (17) but it is induced
by parity-nonconserving interactions as was discussed in Secs. 2 and 3.
So far we have considered only renormalizable inter-
actions and have proved the existence of the observable pseudoscalar
charge density. When unrenormalizable interactions are taken into
account, we cannot prove the existence because unrenormalizable
theory is a phenomenological theory and it is not a consistent theory.
However, we may argue that unrenormalizable and parity-nonconserving
interactions would be one of the sources of the pseudoscalar charge

density.
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V-53-1. SYMMETRIES OF ELEMENTARY PARTICLES
R~ A~ A~ A~~~
Harry J. Lipkin and Amnon Katz (51151-01)

AN INVESTIGATION OF w-¢ MIXING

So far only one pair of elementary-particle resonances
has been found to have the same quantum numbers (spin, parity, and
isotopic spin), namely the  and ¢ vector-meson resonances. Since
all their quantum numbers are the same, one might expect them to have
a similar behavior since any mechanism allowed for production and
decay of one is also allowed for the other. Experimentally, this turns
out not to be the case. The y is produced copiously in pion-nucleon
reactions whereas the ¢ is not. The y decays into three pions whereas
the corresponding decay mode of the ¢ is either absent or very strongly
suppressed.

The unitary symmetry theory classifies particles into
multiplets and requires one particle having the quantum numbers of the
w and the ¢ to be in an octet together with the K* and p vector mesons
while the other must be by itself in a singlet. Sakurai has pointed out
that a consistent description in agreement with the unitary-symmetry
mass formula is possible if one assumes that the singlet and octet states
are mixed and that the physical p and physical ¢ mesons are both linear
combinations of the unitary singlet and the unitary octet with roughly
equal amplitudes. This makes the difference in the behavior of the
¢ and the y even more mysterious. In order to explain the lack of
coupling between the physical ¢ meson and pions, it is necessary to
assume that both the unitary singlet and the unitary octet components
are coupled approximately equally in these pion reactions and that the
singlet and octet contributions cancel one another out for reactions in-

volving the ¢ and add together constructively in reactions involving the w.
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V-53-1

The purpose of this work was to investigate whether a
single dynamical model could explain both the y mixing and the weak
coupling of the 4 in pion reactions. The basic idea is that the unitary
singlet and the unitary octet are initially approximately degenerate and
that the mixing is predominantly produced by a virtual transition of the
vector meson into a p and a m and back again. This mechanism produces
a mixing of the unitary singlet and the unitary octet whose eigenstates
are obtained by diagonalizing a two-by-two matrix. One of the
eigenstates turns out to be automatically decoupled from the pm channel.

A more complete calculation is presented in which other
two-meson and baryon-antibaryon virtual states are considered. The
couplings are assumed to be consistent with unitary symmetry with
the symmetry broken by the use of experimental values for the masses
of the particles occurring in the intermediate states. Although a
straightforward calculation leads to divergent integrals which cannot
be evaluated, the values of certain functions of these integrals can
be determined by fitting experimental mass splittings of the vector
mesons. The result of the calculation is a very small coupling of the
¢ to the pw channel, a reasonably good fit to the vector-meson masses
(there are four mass differences and three free parameters so that the
fit is significant), and a value (in reasonable agreement with experiment)

for the ratio of the width of the y to the width of the p-
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Schiffer on analysis of data on charged-particle

reactions. Came to ANL on 23 December 1963,

Mr. Denis Howe, University of Detroit. Working with L. L. Lee on

analysis of data on charged-particle reactions. Came

to ANL on 11 September 1963.

Mr. Ronald Malmin, University of Detroit. Working with Luise Meyer-

Schutzmeister on the population of the first T = 1 level in

Bl0 by the C!2(d,a) B0 reaction at the tandem Van de
Graaff. Came to ANL on 3 September 1963.

Mr. Kenneth Swenson, University of Michigan. Working with M.

Kaminsky on pulsed-molecular-beam mass spectrometry.

Came to ANL on 16 October 1963.

Miss Claudia Walker, University of Florida. Working with R. O. Lane

and A. J. Elwyn on an experiment employing scintillation
detectors for neutron polarization experiments. Came

to ANL on 3 September 1963.

Technicians

Mr. Milton Feryance joined the Physics Division on 18 November 1963

as a Research Technician (Junior) to work with R. Amrein.
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Mr. Vladimir W. Nemec joined the Physics Division on 14 October
1963 as a Research Technician (Junior) to work with
William Evans.

Mr.

James Smith joined the Physics Division on 26 September 1963 as

a Research Technician to work with D. S. Gemmell.

Secretaries

Miss Barbara Baldwin joined the Physics Division on 11 November 1963

as secretary in F wing.

Mrs.

Jeanette Vendel joined the Physics Division on 11 November 1963

as secretary in B wing.

Data Analyzer

Miss Paulette Radd joined the Physics Division on 16 September 1963

to assist the users of the magnetic spectrograph in

extracting data from nuclear track plates.

LEAVES OF ABSENCE

Dr. Benjamin Zeidman left ANL on 1 October 1963 on a fellowship for

a year of experimental and theoretical investigations in
nuclear structure at the Institute for Theoretical
Physics, Blegdamsvej 17, Copenhagen, Denmark. He

expects to return to Argonne on 20 September 1964.
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DEPARTURES

Mrs. Carol Lindgren, who has been the receptionist of the Physics

Division since 10 July 1961, terminated on 13 November
1963.

Dr. Harry J. Lipkin, who has been a Resident Research Associate in

the Physics Division since 3 June 1963, terminated on
1 November 1963 to return to the Weizmann Institute of

Science, Rehovoth, Israel.

Mr. Marvin C. Mertz , who has been a Resident Student Associate

(Thesis) in the Physics Division since 28 June 1961,
terminated on 30 September 1963 to go to Northern
Illinois University, DeKalb, Illinois.

Dr. Alvin M. Saperstein, who has been a Resident Research Associate

in the Physics Division since 18 September 1962, ter-
minated on 12 September 1963 to go to Wayne State
University, Detroit, Michigan.

Mrs. JoAnn Sullivan, who has been the secretary of the theoretical wing

in the Physics Division since 31 October 1960, terminated

on 15 October 1963.

Dr. Bhalchandra M. Udgaonkar, who has been a Resident Research

Associate in the Physics Division since 22 April 1963,
terminated on 2 August 1963 to return to the Tata

Institute of Fundamental Research, Bombay, India.
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